1. Introduction {#s0005}
===============

Porcine epidemic diarrhea virus (PEDV) is a member of the family *Coronaviridae*, subfamily *Coronavirinae*, and genus *Alphacoronavirus*, which include some human and bat coronaviruses*.* PEDV containing a positive-sense, single-stranded RNA genome, causes severe diarrhea and dehydration in suckling piglets ([@b0060]). Since the first report of isolation in Europe in 1978 ([@b0050]), PEDV has become an economic concern in the swine industry in Europe and Asia ([@b0060]).

In late 2010, various Chinese strains of PEDV that were clinically more severe than the classical strains, with 80--100% morbidity and 50--90% mortality in suckling piglets, were detected ([@b0040]). In April 2013, PEDV outbreaks were confirmed in the US for the first time and the isolates showed very close relationship with the Chinese isolate AH2012. A previous study showed that the emergent US PEDV strains were likely introduced into the US through intercontinental transmission from China ([@b0015]).

In Korea, PEDV was first isolated in 1992, followed by a large two-year-long outbreak. Despite the use of vaccines, frequent occurrence of PEDV was detected across the country, mainly during the winter season ([@b0005], [@b0035]). Since late November 2013, PEDV has reemerged in Korea and caused significant economic losses in the swine industry. This study aimed to determine the complete genome sequence of the reemerging Korean PEDV strain and to investigate their genetic relationship with other strains using comparative genome analysis and phylogenetic analysis.

2. Materials and methods {#s0010}
========================

Ten small intestine samples were collected from dead piglets from two commercial pig farms in Korea. The piglets died following acute watery diarrhea. The macroscopic features of the intestines were typical of PEDV infections, including yellowish contents and distended appearance. To detect PEDV genome, M gene-targeted RT-PCR was performed ([@b0025]) using total RNA from mucosal scrapings. Three of ten samples were positive in the PEDV specific RT-PCR. To investigate the origin of the reemerging Korean PEDV strain, complete genome sequences of the three reemerging Korean PEDV strains were determined using Sanger sequencing.

For Sanger sequencing, 18 primer pairs were designed for the highly conserved sites of the PEDV genome using Primer3 ([@b0030], [@b0070]) or designed manually when Primer3 failed to identify optimal primer sites near the appropriate genomic regions ([Table 1](#t0005){ref-type="table"} ). Eighteen DNA fragments, which covered the entire genome of PEDV except the noncoding regions from both ends, were amplified using the SuperScript® One-Step RT-PCR System. Sequencing reactions were performed using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). The products were analyzed using ABI 3730xl DNA Analyzer (Applied Biosystems). The sequencing results were assembled using Geneious v5.6.7 software. Complete genome sequences of the three reemerging Korean PEDV strains have been submitted into the GeneBank database under the accession numbers KJ588062, KJ588063, and KJ588064.Table 1Primers used for the amplification of full-length genomes of the reemerging Korean PEDV strains.PrimerSequence (5′-3′)PCR product size (bp)Position1FCTTAAAAAGATTTTCTATCTA39442--4361RCCTCAGAATAGTATGAGACG2FGTCGCCTTCTACATACTAGACAAACAGC1542237--17782RCCGACCTTTAAGCAGTCACAGG3FCTTGGGAGCAGCTTAAGGC16001562--31613RCCTGTAACCTTGATACGATTACCAACAGC4FCTATTATGATGGAACACTATACTATCC17552946--47004RGCATCTACCAAGCCATCC5FGGTCTTAAGGTCTTTAATGTTGTTGG19344441--63745RCCCAACGCCTTTGCATTATAGC6FCAGACGGCTGTTGTGATTAAAGACC18496103--79516RCAGCAACTATGAACAGACACAAAAACC7FTTTATGTTGACCTTTAATGATTGTCGTATGC18337813--96457RTCTAACTGTGCGATAGGTGTACTTAGG8FCCTTTCTGTTTTACGCCTCC19379495--114318RGCTTAACCAACTGAGGTGG9FTATGTTGCAGAGTGTTGC187611313--131889RTAACGCATTTAAGCATAGC10FTTACCGAGTATACTATGATGG187312973--1484510RACGAACTGGTCATCGACG11FATGCAACCACCGCATATGC169914671--1636911RAGTGAATCGACCGCTGC12FAAGCTTATTCTAGCTTAGTGC183316198--1803012RTTATGGCATCACCAGAAGC13FTACTGTTGTTTCAAACATGC188617874--1975913RAATGTCTGGAGTTTATGATCC14FACGAGTTTGTGTCTAGTAATGATAGC232419531--2185414RTGACAGTAGGAGGTAAAACAGCC15FATGGAGTTTGTAATGGAGC209221579--2367015RTCAGCAAGCAATTGCTGG16FGGTGTCATGGTACTACCT215623477--2563216RTAAACTGCGCTATTACACAACC17FTTCAACTAGACGAGTATGC182525469--2729317RAAGCTGCTACGCTATTTTCG18FGATGATCTGGTGGCTGC98027071--2805018RGGTCTTCAGTTACTAACAGTCC

Complete genome alignment between the reemerging Korean strains and ten other available strains were performed using Multiple Alignment with Fast Fourier Transformation (MAFFT) v6 ([@b0020]). To study the relationship between the US and Korean PEDV outbreaks, US and Chinese strains (which were epidemic in 2012) were included in genome alignment. In addition, all available complete genome sequences of PEDV isolates from Korea were included in the alignment to compare the recent Korean strains with previous endemic Korean PEDV strains. CV777 strain was included in the alignment as PEDV reference strain. The maximum likelihood phylogenetic trees for the complete genome and the S gene sequence alignments were generated using PhyML version 2.4.4 ([@b0010]) with the generalized time reversible (GTR) substitution model ([@b0055]). The best nucleotide substitution model for analysis was confirmed using MEGA 5.2.2 ([@b0065]).

3. Results and discussions {#s0015}
==========================

The complete genome sequences of the reemerging Korean strains showed a typical PEDV gene order of 5′UTR-ORF1a/1b-S-ORF3-E-M-N-3′UTR and were identical or almost identical (one synonymous single-nucleotide polymorphism (SNP) in the ORF1a/1b gene) to each other. Multiple alignment with other PEDV complete genomes indicated that the reemerging Korean strains possess genome sequences, which are distinct from those of previous Korean field strains ([Fig. 1](#f0005){ref-type="fig"} ). A previous study had discussed evidence of frequent recombination events between different genetic lineages or sublineages of PEDV ([@b0015]). However, genomic sequences of the reemerging Korean strains did not show any regions recombined with those of the previous Korean strains during the recombination analysis performed using SimPlot 3.5.1 ([@b0045]) (data not shown). In addition, phylogenetic analysis of the S gene between the reemerging and previous Korean strains of PEDV indicated that the reemerging Korean strains were included into a genetic lineage different from those of previous endemic Korean PEDV strains ([Fig. 2](#f0010){ref-type="fig"} ). These results suggest that the reemerging strains have been recently introduced into Korea from another country.Fig. 1Nucleotide sequence alignment and phylogenetic tree analysis for complete genomes of PEDV strains. (A) Alignment of the complete genome sequences of the reemerging Korean PEDV field strains and other strains was performed using MAFFT. One of the reemerging Korean strain sequences was set as the reference sequence. Vertical lines indicate the SNPs compared to the reference sequence and dashes indicate sequence gaps. Protein-coding regions are indicated with arrows. (B) A maximum likelihood phylogenetic tree was generated using the alignment. One-hundred bootstrap replicates were used to assess the significance of the tree topology. A bar indicates nucleotide substitutions per site.Fig. 2Phylogenetic tree showing the relationship between the reemerging Korean strains from previous endemic Korean strains and strains from overseas, based on the analysis of the S gene. A maximum likelihood phylogenetic tree was generated from the alignment of complete S gene sequences. One-hundred bootstrap replicates were used to assess the significance of the tree topology. A bar indicates nucleotide substitutions per site. Korean PEDV strains are denoted using bold characters.

Interestingly, comparative genome analysis of the reemerging Korean PEDV isolates and other strains revealed that the complete genome sequences of the recent Korean strains were almost identical (99.9%) to those of the US PEDV strains isolated in 2013 ([Fig. 1](#f0005){ref-type="fig"}). Compared with the complete genome of the reemerging Korean isolates, genomes of the US strains, USA/Iowa/18984/2013 and USA/Indiana/17846/2013 showed five (three non-synonymous and one synonymous in the ORF1a/1b gene and one non-synonymous in the S gene) and seven (four non-synonymous and two synonymous in the ORF1a/1b gene and one non-synonymous in the ORF3 gene) SNPs, respectively. Both US strains have one insertion sequence causing early termination of the translation of polyprotein encoded in the ORF1a/1b gene. On the other hand, the complete genome of the US strain USA/IA2/2013 did not show any indels, but nine (three non-synonymous and three synonymous in the ORF1a/1b gene, one non-synonymous in the S gene, and one non-synonymous in the N gene) SNPs, when compared with the complete genome of the reemerging Korean isolates. According to the phylogenetic analysis, the reemerging Korean PEDV isolates were closely clustered with the US strains isolated in 2013 and Chinese strains isolated in 2012 ([Fig. 1](#f0005){ref-type="fig"}).

Comparative genome analysis and phylogenetic analysis revealed that the reemerging Korean PEDV strains are practically identical to the US strains. A previous study suggested that the three emergent US strains were most closely related to a strain isolated in 2012 from Anhui Province in China. In addition, the genomes of the reemerging Korean PEDV strains did not possess any genetic feature from the genomes of the previously sequenced Korean field and attenuated vaccine strains. These results suggest that the reemerging Korean PEDV strains are not variant strains of old Korean field or attenuated vaccine strains. There are two possible sources of origin of the reemerging Korean PEDV strains. First, the same source of origin of the US strains containing Chinese PEDV-like virus could have been introduced into Korea slightly later than the US outbreak events. This hypothesis can explain why the reemerging Korean PEDV strains are identical to the US strain. Another possibility is that US strain has been directly transmitted into Korea. During the US outbreak of PEDV in 2013, two genetic sublineages of the US strains were isolated. In a previous report, the authors stated that the US strain of PEDV diverged during evolution and that evolution generated two genetic sublineages, namely, IA1-CO/13 and MN-IA2 ([@b0015]). During complete genome alignment as part of this study, one of the US strains, IA1, showed a recombined genomic region in the ORF1a/1b gene, which closely matched that of the Chinese strain JS-HZ2012. All reemerging Korean PEDV strains isolated in this study showed a close relationship with only one of the genetic sublineages of the US strains, namely, MN-IA2. We could not detect a PEDV strain with a close relationship with the IA1-CO/13 sublineage. This possibly suggests that only one sublineage of the US strain has been directly introduced into Korea from the US. To identify the exact source of origin of the reemerging Korean strain, further investigation and surveillance are required. Furthermore, to prevent the introduction of PEDV into Korea from overseas in future, the quarantine policy on feed ingredients should be reinforced.
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